Ruminant edible fats are the richest natural dietary sources of trans-18:1 fatty acids and of CLA isomers (mostly c-9,t-11-18 :2) resulting from rumen biohydrogenation (bH) of dietary unsaturated fatty acids (Shingfield and Wallace, 2014) . Strategies to enrich ruminant meat with t- 11-18:1 and c-9,t-11-18 :2 have been extensively researched, and supplementation of high-forage diets with C18 unsaturated fatty acids has been defined as the most effective approach (Bessa et al., 2005) . Simultaneous dietary inclusion of marine oils has also been found to reduce the completeness of BH, resulting in a large rumen outflow of t-11-18:1 (Shingfield et al., 2011) . However, high-starch finishing diets used in intensive ruminant production are known to alter rumen BH pathways through a shift toward the formation of t-10-18:1 at the expense of t-11-18:1 as the major BH intermediate (hereafter t-10 shift). When the t-10 shift occurs in the rumen, the supplementation with C18 unsaturated fatty acids fails to increase the t- 11-18:1 and c-9,t-11-18 :2 in meat and a large accumulation of the undesirable t-10-18:1 isomer is observed in tissues . Very little is known about the metabolic mechanisms that determine the occurrence of the t-10 shift, but a highstarch/low-fiber diet seems to be mandatory (Griinari et al., 1998; Sackmann et al., 2003; Bessa et al., 2005) . Therefore, we hypothesized that the reduction of starch content in oil-supplemented finishing diets for lambs, via replacing cereals with low-starch feed ingredients, would prevent the establishment of the t-10 shift in the rumen, resulting in higher proportions of c-9,t-11-18:2 and t-11-18:1 in the meat and subcutaneous (s.c.) fat.
MAterIAls And MetHods

Animals, Diets, and Management
Animals were raised and handled in compliance with the European Union Council Directive 2010/63/ EU (European Comission, 2010) concerning animal care. The experiment was conducted at the facilities of the National Institute of Agronomic and Veterinary Research (InIAV), Vale de Santarém, Portugal. Forty Merino Branco ram lambs approximately 90 d of age were randomly assigned to 20 pens, with 2 lambs per pen and 5 pens per treatment. The treatments consisted of 4 ground complete diets composed of forage (dehydrated alfalfa) and a concentrate meal containing either barley (cereal; control [con] ), dehydrated citrus pulp (dcP), dehydrated sugar beet pulp (dbP), or soybean hulls (sH) as the main energy source. All diets included 59 g/kg DM of soybean oil and 10 g/kg DM of fish oil. The ingredients and chemical composition of the diets are presented in Table 1 . The trial started after 7 d of adaptation to experimental conditions and lasted for 6 wk. The BW of lambs at the beginning of the trial was 26.6 ± 1.05 kg. Feed was offered ad libitum, and intake was controlled daily by weighing the feed offered and refused, with feed offered adjusted to allow for 10% orts. The animals were weighed weekly just before feeding. Two composite samples of each diet were obtained from daily collection of feed samples and were analyzed for DM (ISO-6496, 1999) , CP (ISO-5983, 1997) , ADF, NDF expressed with residual ash with sodium sulfite and without α-amylase (Van Soest et al., 1991) , ether extract (ISO-6492, 1999) , ash (ISO-5984, 2002 ) and starch and sugar (Clegg, 1956 ).
Slaughter, Carcass Evaluation, and Sample Collection
At the end of the experimental period, lambs were weighed and transported to the experimental abattoir of the INIAV to be stunned and slaughtered by exsanguination. After slaughter, the pH of the rumen content was measured and rumen mucosa parakeratosis lesions were evaluated using a 4-point visual scale (with 0 being normal rumen papillae and 3 representing strong parakeratosis lesions) according to Tamate et al. (1973) . Samples of LM were excised from the right side of carcasses (at the level of the 12th vertebra) within 10 min after slaughter, snap-frozen in liquid nitrogen, and stored at −80°C until mRNA expression analysis. The HCW was recorded, and the carcasses were kept at 10 ± 1°C for 24 h to prevent cold-induced shortening. Thereafter, cold carcass weights were recorded, and the carcasses were graded for conformation and fat cover according to the EUROP classification system for lamb carcasses (European Commission, 2011 ) and chilled at 2 ± 1°C for 48 h.
On the third day after slaughter, kidney knob and channel fat and kidneys were removed; the carcasses were split along the spine, and the left sides were separated into 8 portions (Santos-Silva et al., 2002) . The weights of individual portions were recorded and the proportion of higher-priced portions (leg + sirloin + loin + ribs) was determined. The sirloin and shoulders were totally dissected to determine the proportions of muscle, s.c. and intermuscular fat, and bone.
From the left carcass halves, loin portions containing LM were vacuum packed and frozen at −20°C until shear force analysis was done. From the rib portion, at the level of the 12th vertebra, a sample of LM (1.5 cm thick) was collected to evaluate color after 1 h of blooming. The remaining portion of LM was isolated and, after the removal of the epimysium, minced in a food processor (3 × 5 s; Moulinex A320R1; Groupe SEB, Lisbon, Portugal), vacuum packed, freeze-dried, and stored at −20°C until lipid analysis.
From the right halves, s.c. fat from rib portions was detached and used for color evaluation on the in-ner face. Afterward, samples of s.c. fat were stored at −20°C for fatty acid analysis. The right loin joints containing LM were vacuum packed and stored at −20°C to be used for sensory analysis.
Color, pH, and Shear Force Determinations
Muscle color was measured using a Chroma Meter CR-400 (Konica Minolta, Inc., Osaka, Japan), calibrated with a white plate (Y = 84.9, x = 0.3199, and y = 0.3359) using illuminant D65, 1 cm AE observed area, and 2° viewing angle. Three measurements per sample were recorded according to the CIE L*, a*, and b* system, in which L* is lightness, a* is redness, and b* is yellowness. For muscle pH determination, 5-g LM samples were homogenized in 50 mL of 0.1 M potassium chloride solution (ISO, 1999) . The pH of suspended samples was determined using a pH meter (744; Metrohm AG, Herisau, Switzerland) equipped with a combined glass electrode. For shear force determinations, the frozen loin samples were thawed for 24 h at 2 ± 1°C. Thereafter, the LM was isolated, weighed, and roasted in an electric oven at 170°C until the internal temperature reached 70°C, which was individually monitored with a type T thermocouple (RDXL4SD thermometer; Omega Engineering, Manchester, UK). After cooling for 24 h at 2 ± 1°C, samples were longitudinally cut in the direction of fibers into subsamples with a 1-cm 2 cross-section for shear force determination using a Warner-Bratzler shear device mounted in a Texture Analyzer (TA-tx2i Texture Analyzer; Stable Micro Systems, Godalming, UK), according to procedures described by Francisco et al. (2015) . The measurement of cores from each loin was recorded as the average of a minimum of 15 replicates.
Sensory Analysis
Meat sensory characteristics were evaluated in 7 sessions by a trained sensory panel composed of 9 members of the INIAV. For each session, 5 or 6 LM samples were randomly selected and allowed to thaw for 24 h at 2°C. The LM was cooked in the same way as for shear force determinations and prepared according to procedures previously described by Francisco et al. (2015) . Attributes evaluated were odor, tenderness, juiciness, flavor, and overall acceptability. For sensory analysis, an 8-point structured scale was used in which 1 equaled extremely mild (odor and flavor), extremely tough (tenderness), extremely dry (juiciness), or extremely inacceptable (overall acceptability) and 8 equaled extremely intense (odor and flavor), extremely tender (tenderness), extremely juicy (juiciness), or extremely acceptable (overall acceptability).
Fatty Acid Analysis
Fatty acid methyl esters of feed lipids were prepared by 1-step extraction using 10% HCl in methanol and 19:0 as an internal standard (Sukhija and Palmquist, 1988 ). Muscle and s.c. fat lipids were extracted with dichoromethane:methanol (2:1, vol/vol) from freezedried tissue samples and transesterified into fatty acid methyl esters using a combined basic and acid catalysis as described by Oliveira et al. (2016) . Fatty acid methyl esters were analyzed by gas chromatography coupled with flame ionization detection (Gc-FId; Shimadzu GC-2010 Plus; Shimadzu Corp., Kyoto, Japan) using a 100% cyanopropyl polysiloxane capillary column (SP- (Alves et al., 2013a) . In addition, identifications were confirmed by gas chromatography-mass spectrometry (Gc-Ms) in a GC-MS QP 2010 Plus chromatograph (Shimadzu Corp.) with a SP-2560 column.
The chromatographic conditions for GC-FID and GC-MS were as follows: injector and detector temperatures were maintained at 250 ºC; initial oven temperature of 50 ºC was held for 1 min, increased at 50 ºC/min to 150 ºC and held for 20 min, increased at 1 ºC/min to 190 ºC and then increased at 2 ºC/min to 220 ºC and held for 18 min; helium was used as carrier gas at a flow rate of 1 mL/min and 1 µL of sample was injected. The quantification of individual CLA isomers present in the muscle was conducted by a combination of gas chromatography and Ag+ HPLC, using a triple column Ag+ in series (ChromSpher 5 Lipids, 250 mm x 4.6 mm i.d., 5 µm particle size; Chrompack, Bridgewater, NJ) and a HPLC system (Agilent 1100 Series, Agilent Technologies Inc., Palo Alto, CA) as reported by Bessa et al. (2007) 
Gene Expression
Total RNA was isolated from LM samples using QIAzol lysis reagent and further purified with RNeasy mini columns with on-column deoxyribonuclease digestion (Qiagen Inc., Valencia, CA). First-strand cDNA was synthesized from 0.5 µg total RNA using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems Inc., Foster City, CA) according to the manufacturer's instructions. Real-time PCR was performed as previously described ) using a StepOnePlus Real-Time PCR System (Applied Biosystems Inc.). Primer sequences used for amplification of SCD and acetyl-CoA carboxylase (ACACA) genes were previously reported by Francisco et al. (2016) and Madeira et al. (2013) . Gene-specific intron-spanning primers for fatty acid synthase (FASN) were designed as described by Francisco et al. (2016) and Madeira et al. (2013) and their sequences (from 5′ end to 3′ end) were CCAAGTACAATGGCACCCTGA and TCTCCTCGGTGAGCTGCG for forward and reverse primer, respectively. For each gene, a standard curve was established using a series of 5-fold dilutions of pooled cDNA samples. The standard curve was used to determine the relative gene expression variation after normalization with the geometric mean of 2 housekeeping genes (ACTB and RPLP0). Subsequently, the specificity of the amplification was verified and relative expression levels of mRNA were calculated as a variation of the Livak method (Livak and Schmittgen, 2001 ).
Statistical Analysis
Data were analyzed as a completely randomized design using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC). Diet was the fixed factor and pen was the experimental unit. Lambs within pens were treated as a subsample using the repeated statement of PROC MIXED and considering either a compound symmetry or an unstructured covariance matrix depending on the best model generated. The variance homogeneity was tested for a level of P = 0.01, and when significant, the variance heterogeneity was accommodated for in the model. When significant effects of treatments were detected, least squares means were compared using a pairwise Tukey's test. Weekly BW data were analyzed by random intercept regression, considering pen as the experimental unit and lambs within pens as subsamples, to estimate ADG (i.e., slopes). Intake data recorded in pens were divided by 2 to obtain an average DMI per lamb. A repeated measurements model was used to estimate average DMI per lamb during the experiment.
Initial BW was used as covariate in the analysis of slaughter BW and hot and cold carcass weight data, lipid content of LM was used as covariate for fatty acid composition of LM, and HCW was used a covariate for dressing percentage, carcass cuts, and sirloin and shoulder composition.
Data from meat sensory evaluation were analyzed considering observations from each panelist as the repeated measurement and assuming a first-order autoregressive covariance matrix. The probability of occurrence of different grades of rumen parakeratosis was analyzed using PROC GLIMMIX (in SAS), considering the multinomial distribution and the cumulative logit as link function. Statistically significant differences or trends were set for P < 0.05 and for 0.05 < P < 0.10, respectively.
results
Intake and Productive Performance
As planned, the experimental diets allowed large differences in starch, sugar, and NDF intake ( Table 2) . The dietary replacement of barley with citrus pulp, beet pulp, or SH reduced (P < 0.05) the starch intake from an average of 377 to 68 g/d. Moreover, the DCP diet resulted in the largest sugar intake (P < 0.05) and the SH diet led to the largest (P < 0.05) NDF and ADF intake.
The DBP diet allowed an intermediate intake of sugar and NDF between DCP and SH. The intake of starch + sugar gradually decreased (P < 0.05) from CON to DCP to DBP and to SH. Despite these differences, DMI did not differ (P = 0.14) among diets. Nevertheless, ADG of lambs was lower (P < 0.05) with the DCP diet than with CON and DBP diets (Table 2) . Lambs fed the SH diet had an intermediate ADG that did not differ (P > 0.05) from the other diets. Therefore, feed efficiency (kg gain/kg DMI) observed with DCP was lower (P < 0.05) than that obtained with CON and DBP but similar (P > 0.05) to that obtained with SH. Slaughter BW did not differ among treatments, averaging 40.7 ± 0.73 kg.
The occurrence and severity of rumen parakeratosis lesions are presented in Fig. 1 . The probability of developing rumen parakeratosis was influenced by diet, and it was higher (P < 0.05) for the DCP diet (0.94 ± 0.083) than for the other diets (0.44 ± 0.083). Also, more severe lesions (grades 2 and 3) were found for the DCP treatment (average of 24.2%) compared with the other treatments (averaging 2.2%). Rumen pH postmortem was below 6.1 for all treatments, being lower (P = 0.035) for DBP (5.55) than for DCP (6.09) and intermediate for both CON and SH.
Carcass and Meat Quality Traits
There was no effect of treatment on carcass traits (Table 3) . Hot carcass weight, cold carcass weight, dressing, and higher-priced cut percentages averaged 20.2 ± 0.44 kg, 19.7 ± 0.41 kg, 49.7 ± 0.44%, and 52.9 ± 0.46%, respectively. Dissection of chump and shoulder cuts showed that treatment had no significant effect on the percentages of muscle, bone, and intermuscular and s.c. fat. For carcass conformation, 88.9% of the carcasses were graded as class R (good) and 11.1% were graded as class O (regular). For fat cover, 56.7% were graded as 5 (very high) and 43.3% were graded as 4 (high).
Subcutaneous fat color was influenced by diet. The redness (a*) of s. c. fat was higher (P < 0.001) for the DBP treatment than for the other treatments. Moreover, yellowness (b*) was higher (P < 0.05) for DBP than for SH and intermediate for CON and DCP. 1 CON = control (cereal); DCP = dehydrated citrus pulp; DBP = dehydrated sugar beet pulp; SH = soybean hulls.
2 Intake per pen divided by 2 (2 lambs per pen).
Figure 1.
Effect of replacing cereal in the diet with low-starch feed ingredients on the probability of occurrence of rumen mucosa parakeratosis, according to the severity of the lesions. Treatments: control (CON; cereal), dehydrated citrus pulp (DCP), dehydrated sugar beet pulp (DBP), and soybean hulls (SH). The patterns observed with the CON, DBP, and SH diets were similar (P > 0.05). The pattern observed with the DCP diet differed (P < 0.03) from that of the other diets.
Treatment did not affect LM quality traits (Table 3) . The average meat pH was 5.65 ± 0.009 and did not differ (P = 0.71) among treatments. Shear force averaged 38.5 ± 4.20 N/cm 2 and did not differ (P = 0.79) among treatments. Longissimus muscle color was not affected (P > 0.25) by treatment, averaging 41.3 ± 0.73 for L*, 17.3 ± 0.42 for a*, and 8.6 ± 0.37 for b*. Meat sensory characteristics were not affected (P > 0.40) by the treatment, and the sensory panel considered the meat tender (6.5 ± 0.12), with moderate juiciness (5.8 ± 0.12), mild odor (3.4 ± 0.11), mild flavor (4.0 ± 0.15), and good overall acceptability (6.3 ± 0.11).
Fatty Acid Composition of Muscle
The lipid content and general fatty acid composition of LM are presented in Table 4 . Lipid and fatty acid content of LM averaged 34.3 and 27.4 g/kg, respectively, in fresh meat and did not differ (P > 0.05) among treatments, although the variability with DBP and SH was larger (P < 0.01) than with CON and DCP. The linearchain SFA averaged 402 mg/g fatty acid in LM for all treatments. The major linear-chain SFA present was 16:0, and its content was higher (P < 0.05) for the DCP treatment (259 mg/g fatty acid) and lower (P < 0.05) for the SH treatment (233 mg/g fatty acid). This was followed by 18:0 (ranging from 122 to 136 mg/g fatty acid), which was lower (P < 0.05) for the DBP treatment 1 CON = control (cereal); DCP = dehydrated citrus pulp; DBP = dehydrated sugar beet pulp; SH = soybean hulls.
2 HCW/slaughter weight × 100.
3 KKCF = kidney knob channel fat (expressed as % of cold carcass weight). 4 Leg + chump + loin + ribs, expressed as percent of cold carcass weight.
5 Data from the dissection of chump and shoulder cuts, expressed as percent of chump plus shoulder weight. (continued) (122 mg/g fatty acid) than for the CON treatment (136 mg/g fatty acid). Several terminal and nonterminal BCFA were identified in LM lipids, and although all of them were present in residual amounts, collectively, they averaged only11 mg/g fatty acid for the CON, DBP, and SH treatments and 8.8 mg/g fatty acid for the DCP treatment. In general, terminal BCFA (i.e., iso and anteiso) were higher for the SH treatment, lower for the DCP treatment (P < 0.05), and intermediate for the other treatments. Otherwise, nonterminal BCFA were higher for the CON treatment, lower for the SH treatment (P < 0.05), and intermediate for the other treatments. The major fatty acid present in LM lipids was c-9-18:1, with an average value of 301 mg/g fatty acid across treatments. However, c-9-18:1 least squares means did not differ (P > 0.05) among treatments, and the variance was much larger (P < 0.001) for the DCP treatment than for the other treatments. This larger variance with the DCP treatment was due to 3 lambs that had consistently high c-9-18:1 content and low BH intermediates in both LM and s.c. fat. It was not possible to relate this variability to pen, ADG, intramuscular lipid content, or rumen parakeratosis lesions of lambs. Some other minor cis- MUFA (i.e., presented small but significant differences among treatments.
Total PUFA of LM was lower (P < 0.05) with the DCP treatment (84 mg/g fatty acid) and higher (P < 0.05) with the DBP treatment (111 mg/g fatty acid), with the other 2 treatments being intermediate. This pattern arose from differences observed in 18:2n-6, the major PUFA present in LM. Most other PUFA did not present significant differences due to treatment (including all n-3 PUFA) or presented only small, although significant, differences.
The sum of trans fatty acids (excluding the t-11-18:1 and CLA isomers) present in LM was fairly high, averaging 122 mg/g fatty acid among treatments. Trans fatty acids did not differ (P > 0.05) among treatments, but the variance was much higher (P < 0.001) for the DCP treatment than for the other treatments.
The detailed profile of C18 BH intermediates in LM is presented in Table 5 . The main BH intermediate was t-10-18:1, which did not differ among the treatments and averaged 91 mg/g fatty acid. About 67% of all t-18:1 isomers and 59% of all BH intermediates consisted of t-10-18:1. The second most abundant BH intermediate was t-11-18:1, but this widely differed among treatments, being lower (P < 0.001) for the CON treatment (9.1 mg/g fatty acid) than for the SH treatment (35.6 mg/g fatty acid) and intermediate for the other treatments. Therefore, the t-10-18:1:t-11-18:1 ratio was greater than 1 in all the treatments and was higher (P < 0.05) for CON than for DCP and SH and intermediate for DBP (Fig. 2) . Only 2 animals, both fed the SH diet, presented a t-10-18:1:t-11-18:1 ratio close to 1. The level of some a-c Means within a row with different superscripts differ (P < 0.05).
1 CON = control (cereal); DCP = dehydrated citrus pulp; DBP = dehydrated sugar beet pulp; SH = soybean hulls.
2 LC-SFA = linear-chain SFA.
3 T-BCFA = terminal-chain branched-chain fatty acids (iso and anteiso).
4 NT-BCFA = nonterminal branched-chain fatty acids. 5 BCFA = branched-chain fatty acids.
6 Sum of cis-MUFA excluding the biohydrogenation intermediates.
7 Sum of all-cis, methylene interrupted PUFA.
8 Sum of trans fatty acids excluding t-11-18:1 and CLA isomers.
9 Sum of all C18 fatty acids.
10 DMA = dimethylacetals.
of the minor octadecenoic isomers differed between the treatments, with the lowest valued in the DCP treatment. Nevertheless, the sum of 18:1 BH intermediates did not differ among treatments and averaged 135 mg/g fatty acid, with a larger variance in the DCP treatment (P < 0.001) compared with the other treatments. -11,c-15-18:2) , which averaged 5.8 mg/g fatty acid across treatments. The second most concentrated 18:2 was c-9,t-11-18:2 (rumenic acid), which ranged from 2.8 mg/g fatty acid in CON to 8.3 mg/g fatty acid table 5. Effect of replacing cereal in the diet with low-starch feed ingredients on C18 biohydrogenation intermediates (mg/g of total fatty acids) present in LM of lambs a-c Means within a row with different superscripts differ (P < 0.05).
The major 18:2 BH intermediate was the nonconjugated isomer t-10,c-15-18:2 (which include
2 Includes small amounts of c-14-18:1.
Includes the t-11,c-15-18:2 isomer.
4 Includes 20:3n-9.
5 BH = biohydrogenation. Sum of biohydrogenation intermediates (i.e., all fatty acids listed in the table).
in SH. The content of c-9,t-11-18:2 was higher (P < 0.05) in the SH treatment than in the other treatments. Generally, 18:2 BH intermediates were higher (P = 0.004) with SH (23.1 mg/g fatty acid) than with CON and DCP (approximately 16.5 mg/g fatty acid) and intermediate with DBP (18.2 mg/g fatty acid).
Fatty Acid Composition of Subcutaneous Fat
The lipid content and general fatty acid composition of s.c. fat are presented in Table 6 . The lipid content of s.c. fat samples did not differ among treatments and averaged 843 mg/g tissue DM. The sum of linear-chain SFA did not differ among treatments and averaged 380 mg/g fatty acid. The major linear-chain SFA was 16:0 (averaging 208 mg/g fatty acid across the treatments). The amount of 18:0 ranged from 128 to 162 mg/g fatty acid and was higher (P < 0.05) for the CON treatment compared with the DCP and DBP treatments and intermediate for the SH treatment. The contents of both terminal and nonterminal BCFA were high across treatments, with an average value of 31 mg/g fatty acid. There were no significant differences (P = 0.143) between treatments in the content of nonterminal BCFA, which averaged 16.7 mg/g fatty acid. Some differences were observed for terminal BCFA, with the DCP treatment resulting in consistently lower proportions compared with the DBP (i.e., iso-16:0), SH (iso-15:0 and iso-17:0), or both (i.e., iso-14:0) treatments. However, the sum of terminal BCFA did not differ among treatments and averaged 14.5 mg/g fatty acid. The major fatty acid present in s.c. fat was c-9-18:1, averaging 236 mg/g fatty acid across treatments, and it made up the majority of cis-MUFA. Although the least squares means of c-9-18:1 did not differ (P > 0.05) among treatments, the variance was much larger (P < 0.001) for the DCP treatment than for the other treatments. There were small but significant differences between treatments in the content of some other minor cis- MUFA (i.e., .
The total PUFA content of s.c. fat did not differ among treatments and averaged 57 mg/g fatty acid. The major PUFA present across treatments was 18:2n-6, with an average value of 45 mg/g fatty acid. In the case of DBP and CON, 18:2n-6 values tended to be larger (P = 0.054)-50.4 and 48 mg/g fatty acid, respectivelycompared with the other treatments (41.2 mg/g fatty acid). The 18:3n-3 was the major n-3 PUFA and did not differ among treatments, averaging 5.2 mg/g fatty acid.
Despite the very low content of long-chain n-3 PUFA, some differences (P < 0.05) among treatments were observed. The greatest values of 20:5n-3 and 22:5n-3 were observed for the DBP treatment and the lowest values were found for the SH treatment, with intermediate values for the other treatments. The 22:6n-3 was also higher for the DBP treatment but lower for the CON treatment, with intermediate values for the other treatments.
The sum of trans fatty acids (excluding t-11-18:1 and CLA isomers) in s.c. fat was fairly high, ranging from 167 to 222 mg/g fatty acid, and had a tendency to be lower for DCP than for DBP, with no differences in the other treatments. The detailed profile of C18 BH intermediates in s.c. fat is presented in Table 7 . Taken together, fatty acids derived from rumen BH did not differ among the treatments (P = 0.097) and averaged 246 mg/g fatty acid. The main BH intermediate was t-10-18:1, which ranged from 124 to 172 mg/g fatty acid.
The amount of t-10-18:1 was higher (P < 0.05) for DBP than for SH, and the amount of this isomer for the other treatments did not differ from both DBP and SH. The variance of t-10-18:1 found for DCP was much larger (P < 0.001) than for the other treatments. The t-11-18:1 was the second major BH intermediate and was higher for the SH treatment (60 ± 5.6 mg/g fatty acid) and lower for the CON treatment (17 ± 1.4 mg/g fatty acid). Moreover, the variance of t-11-18:1 was higher (P < 0.001) for treatment DCP and SH treatments, intermediate for the DBP treatment, and lower for the CON treatment. :1 ratio ranged from 3 to 9.8, being lower (P < 0.05) for SH than for CON and DBP, and there was no difference between the DCP treatment and the other treatments due to the larger variability found with the DCP treatment (Fig.  2 ). Significant differences between treatments were observed for some minor 18:1 BH intermediates, with the DCP treatment generally resulting in lower values than the SH treatment or the CON treatment (Table 7) . The concentration of 18:2 BH intermediates present in s.c. fat ranged from 20 to 28 mg/g fatty acid, being the lowest (P < 0.05) for the CON and the highest for SH, with intermediate values for the other treatments. The major 18:2 BH intermediates were the nonconjugated t- 10,c-15-18:2 and t-11,c-15-18 :2 isomers and the conjugated c-9,t-11-18:2 and t-7,c-9-18:2 isomers, which coeluted during gas chromatography analysis. :2 ratio peak was greater (P < 0.001) for SH (11.3 mg/g fatty acid) than for the other treatments (approximately 5.9 mg/g fatty acid). 
Gene Expression and SCD Activity Indices
The relative mRNA expression levels of stearoylCoA desaturase (SCD), acetyl-CoA carboxylase α (ACACA), and fatty acid synthase (FASN) genes in the LM are presented in Fig. 3 . The expression of ACACA did not differ between the treatments. The expression of SCD was 2-fold greater in the CON and DCP treatments compared with the DBP and SH treatments (P < 0.05). The expression of FASN was 2-fold lower in DCP compared with the other treatments (P < 0.05). The SCD activity index (scdi-17) calculated using c-9-17:1 fatty acid and 17:0 product and substrate pair in LM, is also presented in Fig. 3 . The SCDi-17 was lower (P < 0.05) for the SH treatment than for the CON and DCP treatments. The DBP treatment had a lower SCDi-17 compared with the DCP treatment but a SCDi-17 similar to that in the SH and CON treatments.
dIscussIon
The use of DCP, sugar beet pulp, and SH in ruminant diets is well known as an alternative to cereals (Ludden et al., 1995; Normand et al., 2001; Bampidis and Robinson, 2006) . In the present study, the DBP diet resulted in productivity similar to that achieved with the CON diet. However, ADG was reduced for the DCP diet and the feed efficiency ratio was lower under both the DCP and SH diets compared with the CON diet. The reduced productivity for DCP might be related to the highest probability of developing rumen parakeratosis lesions, which might have led to a decreased capacity for VFA absorption (Hinders and Owen, 1965) . It was reported that incorporation of large proportions of DCP into low-forage diets increases the occurrence of rumen parakeratosis lesions (Loggins et al., 1968) , and our results are in agreement with this study. The diminished feed efficiency observed with the SH diet compared with the CON diet is consistent with the lower DE of SH compared with cereals (Ludden et al., 1995) .
The present study did not find any impact of diets on carcass quality parameters. This is in agreement with several reports that concluded that the replacement of cereals with DCP (Bampidis and Robinson, 2006) a-c Means within a row with different superscripts differ (P < 0.05).
4 NT-BCFA = nonterminal branched-chain fatty acids.
5 BCFA = branched-chain fatty acids.
8 Sum of all fatty acids with trans double bonds excluding t-11-18:1 and CLA isomers.
9 No difference among means was present after Tukey adjustment for multiple comparisons.
10 Sum of all C18 fatty acids.
of growing ruminants has a small or null impact on carcass quality. Moreover, meat quality traits such as color, shear force, and sensorial evaluation were not affected by diet in our study. Our results on meat color are consistent with reports on meat color for Portuguese lambs (SantosSilva et al., 2002) . The redness (a*) of s.c. fat in the present study was more intense for DBP compared with SH. Dehydrated sugar beet pulp also resulted in a higher value for b* compared with SH, indicating a higher level of fat pigmentation probably due to deposition of beet pigments vulgaxantines and betanins (Gasztonyi et al., 2001) . However, the differences in effects of diet on the amount of s.c. fat were not detectable by visual examination and therefore unlikely to impact meat appreciation by consumers. Meat shear force averaged 38.5 N/cm 2 , which is consistent with our previous data (Francisco et al., 2015) , and sensorial evaluation indicated that all the meat had good overall acceptability.
To the best of our knowledge, this is the first study on the effect of total replacement of dietary cereals with dried beet pulp or SH on accumulation of BH intermediates in lamb tissues. However, it should be noted that there have been recent communications on the effects of replacing cereals with DCP on accumulation of BH intermediates in lamb tissues (Lanza et al., 2015) and ewe milk . Our main objective was to test the hypothesis that the occurrence of a t-10 shift in lambs fed complete finishing diets supplemented with oil can be prevented by replacing cereals (i.e., barley) with low-starch feed ingredients. The t-10 shift was evaluated by calculating the tissue t- 10-18:1:t-11-18 :1 ratio, which reflects BH pathways established in the rumen during the table 7. Effect of replacing cereal in the diet with low-starch feed ingredients on C18 biohydrogenation intermediates (mg/g of total fatty acids) present in subcutaneous fat of lambs -11-18 :1 production in the rumen (Griinari et al., 1998; Sackmann et al., 2003) . However, the present results contradict our hypothesis, because all the diets induced a clear t-10 shifted pattern, with t-10-18:1:t-11-18:1 ratios considerably above 1 in LM and s.c. fat. To the best of our knowledge, this is the first report of t-10 shift induction by a low-starch/low-sugar/high-NDF diet (i.e., SH).
There is a general lack of knowledge regarding both bacterial and metabolic pathways involved in the t-10 shift, and until now, the only consistent inducing factor related to the t-10 shift was feeding a high-starch/low-fiber diet coupled with PUFA supplementation as an amplifying factor . Low rumen pH might also induce the t-10 shift. It is known that an increasing content of dietary starch results in decreased rumen pH, and therefore, the 2 factors are generally confounded in vivo.
A few publications reported results of in vitro experiments that attempted to discriminate the effects of starch availability and low rumen pH on the establishment of t-10 shifted BH pathways (Fuentes et al., 2009; Maia et al., 2009; Zened et al., 2012) . In the present study, all the treatments resulted in a low rumen pH. Our results suggest that low rumen pH may have a more significant role in the production of t-10-18:1 compared with the dietary starch content. However, although none of the diets studied were able to prevent t-10 shift (evaluated by the t- 10-18:1:t-11-18 :1 ratio in tissues), the SH diet allowed for much greater t-11-18:1 deposition in tissues than the other treatments. Moreover, the reduction of the t- 10-18:1:t-11-18 :1 ratio for the SH diet was due mainly to an increased t-11-18:1 level rather than a reduced content of t-10-18:1 in tissues. Some fibrolytic bacteria such as Butyrivibrio fibrisolvens and Butyrivibrio proteoclasticus are considered major contributors to t-11 shifted BH pathways (Shingfield and Wallace, 2014) , and therefore, the stimulatory effect of dietary NDF on t-11-18:1 production might be due to the sustenance of those bacteria, despite the low rumen pH. It still remains unknown, however, what major bacteria are responsible for t-10 shifted pathways. It has been reported that one strain of Megasphaera elsdenii (Kim et al., 2002) and Propionibacterium acnes (Shingfield and Wallace, 2014) are able to produce t- 10,c-12-18 :2 in pure cultures. However, the role of these bacteria in the complete rumen microbiome is questionable. Rumen microbiome studies on animals expressing t-10 shifted BH pathways suggest that unculturable rumen microbes might play a major role in this process (Zened et al., 2012) .
Taken together, the results of our study suggest that dietary starch (or low NDF) inhibits t-11-18:1 production in the rumen but high dietary NDF (or low starch) does not inhibit t-10-18:1 production in the rumen. The small feed particle size from ground diets probably did not properly stimulate the rumination and salivation in lambs. This lack of physically effective NDF may be the explanation for the failure of the high-NDF diet in preventing the t-10 shift. However, when ground dehydrated alfalfa was used as a basal diet, very low t-10-18:1:t-11-18:1 ratios were consistently reported in the rumen, abomasum, and tissues of lambs (Bessa et al., 2007; Alves et al., 2013b) . Therefore, factors other than fiber particle size (e.g., the rate of NDF fermentation in the rumen) might be playing an important role in this process and need to be further investigated.
One of the consequences of the t-10 shift in ruminants is the low concentration of c-9,t-11-18:2 in tissues (Bravo-Lamas et al., 2016; Oliveira et al., 2016 Oliveira et al., , 2017 . Consistently, we observed a relatively low concentration of c-9,t-11-18:2 in LM and s.c. fat under all treatments. As expected, the c-9,t-11-18:2 concentration in tissues followed the concentration pattern of t-11-18:1 (Palmquist et al., 2004) , and thus the concentration of c-9,t-11-18:2 was lower for the CON diet (0.30% of total fatty acid in LM) and higher for the SH diet (0.85% of total fatty acid in LM). A detailed analysis of CLA isomers demonstrated that in addition to c-9,t-11-18:2, there also were t -7,c-9-18:2, t-9,c-11-18:2, and t-10,c-12-18 :2 CLA isomers present in LM. This confirms an association between high-starch diets and production of these specific CLA isomers (Alfaia et al., 2009) . Moreover, significant amounts of nonconjugated 18:2 isomers were identified in LM and s.c. fat for all treatments, and some of them, such as c-9,t-12-18:2 and c-9,t-13-18:2, were recently found to be products of SCD activity (Vahmani et al., 2016) .
Lambs fed barley-based diets have been reported to have abnormally soft s.c. adipose tissue due to a considerable concentration of nonterminal BCFA (Duncan et al., 1974; Normand et al., 2001) . Therefore, in the present study, we anticipated that replacing barley with nonstarchy feed ingredients would decrease the proportion of nonterminal BCFA. However, the proportion of these fatty acids in s.c. fat remained low and was similar across treatments. One possible explanation for these results might be that accumulation of nonterminal BCFA in tissue varies between ovine breeds (Alves et al., 2013a) and the Merino Branco breed used in the present study does not largely express this feature.
High-starch finishing diets are positively associated with intramuscular fat deposition and SCD upregulation (Daniel et al., 2004; Pethick et al., 2004) . Both low intramuscular fat deposition and SCD downregulation can be limiting factors for the enrichment of ruminant meat with t- 11-18:1 and c-9,t-11-18:2 (Bessa et al., 2015) . The relative expression of the SCD gene and the SCD activity index, evaluated using the proportions of c-9-17:1 and 17:0 as described by Bessa et al. (2015) , were lower in LM for the SH diet compared with the DCP and CON diets, which is consistent with a lower content of insulinemia-promoting nutrients (i.e., starch and sugar) in the SH diet. The possible downregulation of SCD is supported by a lower level of :1, but not c-9-18:1, when feeding the SH diet compared with the CON and DCP diets. :2 is mostly derived from the reaction catalyzed by SCD using t-11-18:1 as the substrate. However, our results suggest that the main reason for a higher c-9,t-11-18:2 content observed in the case of the SH diet is the larger substrate availability rather than increased SCD activity (Daniel et al. (2004) . Interestingly, despite the common insulin-related regulatory mechanisms for SCD and ACACA expression, the expression of ACACA followed a pattern opposite to that of SCD, for example, with ACACA expression being lower when feeding the diet providing a higher level of insulinemia-promoting nutrients (CON and DCP). It is not clear why the above changes in the gene expression patterns occurred, especially in the absence of differences in dietary effects on intramuscular fat and 16:0 content. It should be noted that in our experiments, de novo fatty acid synthesis was expected to be equally reduced because all diets were supplemented with 6% oil in DM. However, the expression of FASN was lower in the muscle of DCP-fed lambs, which might be related to lower feed efficiency and ADG. Overall, these data suggest that a lower ME intake by DCP-fed lambs leads to diminished rumen absorption caused by parakeratosis lesions, resulting in reduced growth performance and affecting the expression of FASN.
Conclusions
Our results indicate that the reduction of starch content in lambs' diet achieved by replacing barley with lowstarch feed ingredients does not prevent the establishment of the t-10 shift BH pathways in the rumen, as reflected by the large accumulation of t-10-18:1 in tissues. The SH diet was more effective in promoting t-11 BH pathways compared with the other diets, as evidenced by an increased deposition of t- 11-18:1 and c-9,t-11-18 :2 in muscle and s.c. fat. These results demonstrate that low-starch/ high-NDF diets on their own are not sufficient to prevent the occurrence of t-10 shifted BH pathways evaluated by deposition of BH intermediates in lamb meat and fat.
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